The cellular content of nuclear DNA varies up to 200,000-fold between eukaryotes. These differences can arise via different mechanisms. In particular, cell size and nutritional mode may influence evolution of the nuclear DNA content. Chrysophytes comprise organisms with different cell organizations and nutritional modes. Heterotrophic clades evolved independently several times from phototrophic or mixotrophic ancestors. Thus, chrysophytes are an ideal model taxon for investigating the effect of the nutritional mode on cellular DNA content. We investigated the genome size of heterotrophic, mixotrophic, and phototrophic chrysophytes. We demonstrate that cell sizes and genome sizes differ significantly between taxa with different nutritional modes. Phototrophic strains tend to have larger cell volumes and larger genomes than heterotrophic strains do. The investigated mixotrophic strains had intermediate cell volumes and small to intermediate genome sizes. Heterotrophic chrysophytes had the smallest genomes and cell volumes compared to other chrysophytes. In general, genome size increased with cell volume, but cell volume only partially explained the variation in genome size. In particular, genome sizes of mixotrophic strains were smaller than expected based on cell sizes.
Introduction
The evolution of genome sizes is of special interest because huge variation in the amount of DNA (up to 200,000-fold for eukaryotes) are the result of complex interactions between various evolutionary forces (Kapraun 2005; Cavalier-Smith 2005; Gupta et al. 2016) . Studies on the amount of nuclear DNA and on genome size (C-value) can have practical as well as predictive uses, as these parameters are important traits of a species (Bennett and Leitch 2005) . Often, the amount of nuclear DNA is much higher than necessary for coding or regulatory sequences, a fact which is known as the C-value paradox (Dolezel et al. 1998; Gupta et al. 2016) . However, genome size is generally correlated with cell volume (Dolezel et al. 1998) ; the widespread view that genome size will increase with the complexity of an organism seems therefore to hold only in the general sense that most eukaryotes have more DNA than prokaryotes or viruses (Cavalier-Smith 1982) . Genome size is furthermore important for our understanding of its effect on phenotypic traits (nucleotype) in response to different environmental conditions (Kapraun 2005; Cavalier-Smith 1978; Dolezel et al. 1998) .
During the life cycle of a species, changes in the genome size of certain cells (referring to gamets sensu lato) are possible, which is especially important if dealing with single-celled organisms. Haploid vegetative cells (e.g., in dinophytes) as well as diploid vegetative cells (e.g., in diatoms) are known. In general, asexual reproduction occurs, but also sexual reproduction (e.g., by producing haploid eggs and sperms or fusion of haploid vegetative cells) can be triggered (Koester et al. 2007; Kremp 2013) .
Protists are particularly suited for studying mechanisms of genome size evolution in eukaryotes, because they are unicellular organisms which respond quickly to environmental changes. Further, the number of cell types (even in colonial species) is limited, and we face many different kinds of life cycles which have mostly evolved independently several times in phyla with different modes of nutrition and different cell structures (Cavalier-Smith 1980) . Since some of the unicellular protists have considerably larger genomes than multicellular eukaryotes, studying single-celled protists allows the investigation of the full range of eukaryote C-values (Cavalier-Smith 1982) .
Here, we focus on the chrysophytes, which group in the Ochrophyta (Stramenopiles). They comprise a range of organisms with different life cycle stadia (e.g., silicate cysts or flagellated cells), cell organizations (e.g., colonial, branched, or single-celled morphologies), and nutrition modes such as phototrophy, heterotrophy, and mixotrophy (Boenigk et al. 2006) . The Synurales are considered to be phototrophic (Kristiansen and Škaloud 2017) even though it is uncertain whether they can occasionally take up particles. However, as particulate food uptake is uncertain in the Sunyrales and of minor importance anyway, the Synurales are considerd to be phototrophic in the context of this study.
Heterotrophic chrysophytes evolved through parallel evolution several times independently within the Chrysophyceae (Grossmann et al. 2016) . The plastids of these heterotrophic chrysophytes are in different stages of reduction and may be involved in several metabolic pathways as well as contain numerous photopigments (Graupner et al. 2018) . However, the heterotrophic chrysophytes have in common the loss of chlorophyll and photosynthetic pathways as it had been demonstrated for several lineages so far (Graupner et al. 2018) . They rely on particulate food uptake and prey on bacteria and other bacteria-sized microorganisms to gain carbon (Boenigk et al. 2005) . Most chrysophyte species are mixotrophic, i.e., capable of photosynthesis and phagotrophy. In mixotrophs, particle uptake may be an additional source of nutrient uptake as, for instance, in nutrient-poor waters, or be the major route of carbon uptake. All different gradations from primarily phototrophic to primarily heterotrophic are realized in mixotrophic chrysophytes (Bock et al. submitted 2018) .
Due to this diverse nutritional strategies, chrysophytes are important primary producers but also among the dominant bacterivores (Boenigk et al. 2005; Bock et al. 2014; Grossmann et al. 2016; Bock et al. submitted 2018) .
Since chrysophytes are abundant in most temperate, freshwater habitats and occupy different niches, they play an important role in the regulation of microbial food webs (Bock et al. 2014) .
Sexual reproduction occurs but is believed to be rare in chrysophytes. The dominant form of chrysophytes is a, probably haploid, vegetative swarmer, which can generally reproduce asexually, undergo encystment, or fuse to form a zygote. It has been suggested that sexuality can be induced, e.g., at high cell densities (e.g., in Synura) or by cyst formation (e.g., in Dinobryon) (Sandgren 1991; Kristiansen und Škaloud 2017) .
In our study, we want to investigate the relationship between different nutrition modes and genome size in different chrysophyte strains with respect to their predominant nutrition mode. The basis of the genome size measurement is the correlation between DNA content and fluorescent staining. Linear regression of reference genome peaks enables calculation of an unknown sample DNA content. This has been shown highly reproducible for certain staining methods (Dolezel et al. 1998) . Further, numerous authors stated and proved a correlation of cell volume and genome size (e.g., Bennett 1972) . Additionally, heterotrophic chrysophytes are generally smaller than phototrophic ones, since they do only host remnants of a plastid (Škaloud et al. 2014; Grossmann et al. 2016; Graupner et al. 2018) . Following these, we hypothesize phototrophic taxa to have larger genomes than heterotrophic ones, due to the differences in cell sizes. We further hypothesize that mixotrophic strains have a genome size intermediate between the other two groups, depending on the degree of phagocytosis and photosynthesis.
Methods
Chrysophyte cultures were obtained from the culture collection at University Duisburg-Essen and originate from sampling sites distributed worldwide (Table 1) . They comprise various chrysophytes belonging to different orders and genera. Phototrophic chrysophyte strains are assigned to the Synurales and comprise the genera Mallomonas and Synura. Mixotrophic strains (mostly affiliated with the genera Dinobryon) are assigned to the Ochromonadales, as are most of the investigated heterotrophic chrysophyte strains. The investigated heterotrophic chrysophyte strains comprise representatives of various genera, e.g., Spumella, Pedospumella, or Segregatospumella (Findenig et al. 2010; Grossmann et al. 2016) .
Further, this study will evaluate 1C-values, referring to the overall DNA content of a haploid nucleus of a cell, which is usually constant in any species (Greilhuber et al. 2005) . This ensures that differences, caused by the ploidy level, are evaded, even if we could not observe any sexual reproduction in our cultures, during the measurements. Therefore, the terms "genome size" and "C-value" have the same meaning.
Culture conditions
Cultures were grown in different media (IB (Hahn et al. 2003) , NSY (Hahn et al. 2003) , DY-V (Keller and Andersen, unpublished) , or WC (Guillard and Lorenzen 1972) ) depending on their growth requirements (Table S1 ) under a light/dark cycle of 12:12 h at 16°C. Culture flasks were only opened under sterile conditions. Phototrophic strains were grown in 500 mL TC-flasks, heterotrophic strains in 30-mL TC-flasks with bacteria supplied (Limnohabitans planktonicus; strain IID5 T ). Bacteria cultures were raised on 3 g L −1 NSY medium and (Findenig et al. 2010) JBC|S 23
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Spumella sp. Uni-DUE Austria Ochromonadales (Pascher 1911) transferred to the correspondent chrysophyte culture medium. The chrysophyte strains Ochromonas danica (strain SAG933-7), Poterioochromonas malhamensis (strain DS), and Poteriospumella laucustris (strains JBC07, JBM10, and JBNZ41) were grown axenically in 3 g L −1 NSY medium.
Uni-DUE
The cultures were regularly checked using light microscopy.
Sample preparation
Nuclei extraction for plant reference standards (Table 2) was performed separately from chrysophyte samples as according to Galbraith et al. (1983) and Albach and Greilhuber (2004) , using OTTO-1 isolation buffer and fresh plant leaf tissue: a piece of plant leaf (1 cm 2 ) was placed into a Petri dish and covered with 550 μL OTTO-1 isolation buffer. The leaf piece was chopped with a sharp razor blade. Afterwards, the resulting suspension was filtered through a 30 μm nylon mesh (Partec®). Afterwards, 50 μL of RNAse-A solution (3 g L −1
) was added, and the suspension was incubated in a preheated water bath at 37°C for 30 min.
For chrysophyte sample preparation, we used cultures with a cell density of 1-3 × 10 5 cells mL −1
. Samples were centrifuged to separate the cells from the medium (about 12,000 rpm; 2-4 min). The pellets were diluted in 450 μL OTTO-1 isolation buffer and incubated at 50°C for 5-10 min to achieve cell breakdown and make the nucleus accessible. Afterwards, 50 μL of RNAse-A solution was added to the chrysophyte sample, and the cell suspension was incubated for 30 min at room temperature.
In cases, in which the chrysophyte Synura sphagnicola (strain LO234K-E) was used as standard for the measurement, both chrysophyte cultures were also prepared separately.
After RNAse incubation, the chrysophyte sample suspension was added to the reference standard suspension and mixed gently. This mixture of 450 μL was stained with 2 mL of propidium iodide (PI) (Dolezel et al. 1992 ) and incubated at 4°C for 60 min.
Genome sizes were measured in four replicates containing a sample and the standard. The fluorescence of stained nuclei was quantified using a CyFlowSL flow cytometer (Partec GmbH, Münster, Germany) with excitation by a Green NdYAG laser tuned at 532 nm. Genome size was estimated as according to Dolezel et al. (1992) . The conversion of mass values into base-pair numbers was achieved using the factor 1 pg = 978 Mbp (Dolezel et al. 2003) .
Cell sizes of the chosen chrysophytes (living samples) were measured using a Nikon Eclipse Ti-S inverted microscope with 40× magnification. Cell length and width were obtained using the "NIS-Elements Basic Research" software. The cell volume was calculated using the formula for calculation of ellipsoid volumes. Average values were calculated from at least 35 cells. 
Statistical analyses
Statistical analyses were performed using the program SigmaPlot 12.5 (Systat Software GmbH, Erkrath, Germany) and the software R (®The R Foundation). To evaluate if there were significant differences in genome sizes or cell sizes of phototrophic, heterotrophic, and mixotrophic chrysophyte strains, we used Kruskal-Wallis one-way ANOVAs on ranks (Kruskal and Wallis 1952) , as the data did not show a normal distribution (Shapiro and Wilk 1965) . ANOVAs were followed by Dunn's pairwise multiple comparison procedure (Dunn 1964) . The family-wise error rate (FWER) was corrected using Šidák's adjustment (Šidák 1967) . We determined the relationship between genome size and cell size within one nutrition mode, as well as between all chrysophyte strains, using Bayesian regression models, determining the Bayesian R 
Results
Average cell volumes of investigated strains ranged between 111.85 ± 65.67 μm 3 (strain N1846) and 8356.78 ± 2961.43 μm 3 (strain WA40K-F; M.caudata) (Fig. 1) . The interspecific variation of cell size was huge over all examined strains. M. caudata (strain WA40K-F) had a cell volume about 10 times higher than any other examined chrysophyte strain. Within one strain, cell volume variation increased with increasing cell volume. We detected significant differences between cell volumes of heterotrophic and phototrophic strains (p = 0.0002). The cell volume of mixotrophic strains was intermediate, significantly differing from phototrophic cell volumes (p = 0.0437) but not from heterotrophic cell volumes (p = 0.0902).
Our genome size measurements demonstrate that chrysophytes cover a wide range of eukaryotic genome sizes, ranging from 0.045 ± 0.001 pg (44.2 Mbp; strain 9-4-C1) to 12.426 ± 0.191 pg (12,177.4 Mbp; strain WA40K-F; M. caudata) (Fig. 2) . Mean genome sizes of heterotrophic chrysophytes (x H = 0.077) varied significantly from mean genome sizes of phototrophic chrysophytes (x P = 0.837; p ≤ 0.0001), as well as from mean genome sizes of mixotrophic chrysophytes (x M = 0.154; p = 0.0060). The difference between mean genome sizes of phototrophic and mixotrophic chrysophytes also varied significantly (p = 0.0015). Standard deviation was comparable small within one strain, among all (Fig. 3) . By contrast, for the investigated mixotrophic strains, genome size did not increase with cell size (R 2 s ¼ 0:077 ). Nevertheless, results of partial correlations should be interpreted with caution since they are based on a small number of samples.
Discussion
Our study reveals differences in genome size and cell volume regarding the different nutritional modes observable in chrysophytes. Genome sizes of the investigated chrysophytes were generally within the range of reported genome sizes for eukaryotes (Fig. 4) . In particular, the genome sizes of phototrophic strains were comparable to those reported for other taxonomic groups, whereas genome sizes of heterotrophic and mixotrophic genomes were among the smallest Consistent with studies on the Baccillariophyta (Conolly et al. 2008 ) and various plant species (Price et al. 1973; Cavalier-Smith 1985b; Dolezel et al. 1998) , genome size increases with the cell volume, at least for the investigated phototrophic and heterotrophic chrysophyte strains (Fig. 3) .
While generally in accordance with our initial hypotheses, results for mixotrophic organisms should be interpreted with care due to the bias introduced by the over-representation of the genus Dinobryon, among mixotrophic chrysophytes, which does not represent the whole diversity of genome sizes and cell volume in this trophic mode, since chrysophytes comprise numerous other mixotrophic genera (Beisser et al. 2017; Bock et al. 2017) . In addition, the relative share of phototrophy and heterotrophy could affect genome size in mixotrophic taxa as well, since both nutritional strategies are used by different mixotrophic species to different extents. Furthermore, plastid size varies in these taxa, ranging from large plastids in genera like Dinobryon, with a photosynthetically active plastid, to genera like Poterioochromonas, in which the plastid is greatly reduced. In addition, one can detect great variation in cell size within the investigated mixotrophic chrysophytes: the predominant phototrophic strains of Dinobryon are larger and show a higher variability in cell volume than the predominantly heterotrophic strains, in particular Poterioochromonas. Therefore, we hypothesize that not only the genome size but also cell volume is associated with the degree of use of either phagocytosis or photosynthesis.
Assuming that cell volume is the dominant factor in determining genome sizes, all factors that influence cell size, including, e.g., grazing pressure, should affect genome size evolution as well (Conolly et al. 2008) . Indeed, Bennett (1972) suggests that the genome has a function beyond the coding of genetic information: it also determines, e.g., the size of the nuclear envelope, which surrounds the genome and selects for a karyoplasmatic ratio that allows the optimal transfer of RNA (Cavalier-Smith 1985a) .
However, since the investigated taxa affiliated with different trophic modes differed systematically in cell size, the effect of cell size and trophic mode could not clearly be separated. Fig. 5 Model of evolution of genome size, cell volume, and nutritional mode of chrysophytes: nutrient limitations may have driven genome size reduction in the ancestors of mixotrophic (and heterotrophic) chrysophytes, as well as the evolution of phagotrophic mechanisms to attain additional nutrients. Cell size reduction is supposedly a more gradual process, coming into play in taxa which were already able to obtain nutrients by phagotrophy, which optimized food uptake by the optimization of the predator-prey size ratio. This may have triggered the evolution of obligate heterotrophs in many chrysophyte lineages independently Systematic differences in cell volume and genome size between phototrophic, heterotrophic, and mixotrophic chrysophyte strains are likely to be associated with different life strategies. Phototrophic strains are associated with larger body size, a longer lifespan, and lower growth rates (Kapraun 2005; Cavalier-Smith 1980) . In contrast, smaller genomes are associated with small body size and short generation time (Kapraun 2005; Cavalier-Smith 1980) . Consistent with these observations, genome downsizing could result in increasing growth rates, because the time needed for mitosis and meiosis would be reduced (Hessen et al. 2010 ). This theory is supported by findings of Raven (1997) , who discovered that pure phototrophs have lower maximum-specific growth rates than mixotrophs, which, in turn, have lower rates than pure heterotrophs (Raven 1997 ).
This trend is consistent for the investigated taxa and seems to be independent of the phylogenetic affiliation at least for mixotrophic and heterotrophic chrysophytes. As the Synurales are the only phototrophic taxon within Chrysophyceae, independent control groups within Chrysophyceae are missing with respect to phototrophs. Therefore, functional and phylogenetic effects cannot completely be resolved with respect to phototrophs.
Downsizing of genomes can occur in environments in which nitrogen (N) and phosphate (P) are limited. By contrast, genome size expansion is more likely in environments with high N and P supply, which suggests a possible role of N and P availability in the evolution of genomes (Sardans et al. 2012) . The potential routes of nutrient uptake and nutrient availability in heterotrophic, mixotrophic, and phototrophic taxa could therefore systematically affect cell and genome size evolution. This is in accordance with our observation that the mode of nutrition appears to affect cell volume and genome size evolution.
As chrysophytes branch within the Ochrophyta, which comprise the phototrophic Stramenopiles, it is likely that mixotrophic and heterotrophic chrysophytes evolved from a phototrophic ancestor (Cavalier-Smith 1999; Aleoshin et al. 2016) . A further evidence for this hypothesis is that the Synurophytes, which consist of only phototrophic representatives, branch relatively basal in a phylogenetic tree. However, the heterotrophic Paraphysomonadida also branch basal indicating that the loss of phototrophy occurred early in some branches of Chrysophyceae . As the basal branching pattern is not yet sufficiently resolved, we cannot fully exclude the possibility of early heterotrophic ancestors within Chrysophyceae even though such a scenario appears highly unlikely as it would require secondary "revival" of the plastid and plastid metabolism (Graupner et al. 2018) .
However, if we assume a phototrophic ancestor of the chrysophytes to be limited in terms of nutrient availability, the acquisition of phagocytosis and invention of mixotrophy to evade such limitations would be a plausible scenario (Burkholder et al. 2008) (Fig. 5) . Especially the competition in allocation of P between DNA and RNA owing to P limitations could be a factor responsible for genome downsizing in evolutionary time (Hessen et al. 2008; Hessen et al. 2010) . With invention of mixotrophy, the ratio of C/N would rise, which is consistent with increased grazing activity (Sardans et al. 2012) .
Abandonment of photosynthesis could also be due to energetical factors. In a purely phototrophic organism, the photosynthetic apparatus can account for 50% of the energetic costs of cell synthesis and comprises a huge amount of the cellular biomass (Raven 1997) . For pure heterotrophs (with only remains of plastids), the corresponding fraction is usually below 10%. In mixotrophic strains, some predominantly heterotrophic species have a strongly reduced photosynthetic apparatus, such as Poterioochromonas, whereas predominantly phototrophic taxa usually have a large photosynthetic apparatus. Therefore, the fraction of the energy and nutrients required by the photosynthetic apparatus may account for the difference between predominantly phototrophic or heterotrophic life strategies (Raven 1997) .
Since mixotrophic organisms can obtain nutrients via phagotrophy, further selection towards downsizing of genomes due to a lack of nutrients is relaxed. Continuing, we would find genome sizes similar to those of heterotrophic chrysophytes if the process only depended on P limitations. Similarly, mixotrophic genome sizes would be comparable to those of phototrophic chrysophytes if the maintenance of the photosynthetic apparatus decided.
Therefore, the evolution towards smaller genomes seems to be driven by carbon (C) limitations (Fig. 5) : Chrysophytes generally lack uptake mechanisms for carbon in the form of bicarbonate; they use carbon dioxide (CO 2 ), instead, which is primarily available in slightly acidic environments (Maberly et al. 2009 ). Predominantly, phototrophic chrysophytes are thus more restricted to acidic environments than predominantly heterotrophic ones. Heterotrophic chrysophytes are able to cover their requirements by preying upon bacteria. Due to this, a reduction of the cell size to optimize predator-prey interactions is reasonable. A small size allows for grazing on ultramicrobacteria (Castro et al. 2009 ) and therefore expands the spectrum of potential bacterial prey. This would be particularly beneficial in nutrient-limited environments (Nygaard and Tobiesen 1993) , but if cell size decreases to a certain point, the necessity and ability of holding a functional plastid are questionable. As a consequence, purely heterotrophic nutrition modes can develop. Furthermore, optimized preying will result in the necessity to survive in environments with limited light, because bacterial abundances are higher in profundal regions resulting from decomposition processes.
By contrast, phototrophs are consistently large. The greater cell size of phototrophs allows for hosting a big functional plastid and may further be beneficial for swimming towards the sunlit upper water layer (Waite et al. 1997) . However, for very large cells, the efficiency of light harvesting seems to decrease with increasing size (Geider et al. 1986 ). For diatoms, it was shown that large phototrophic cells have smaller relative chlorophyll concentrations (Agustí 1991) and that abundant chlorophyll interferes mutually, the so-called "package effect" (Finkel and Irwin 2000) .
Surprisingly, for Mallomonas caudata, we could detect very high genome sizes and cell volumes. Higher cell volumes could serve as preying protection (Lampert and Sommer 2007) . Generally, we can find diverse kinds of protection against preying, especially in Synurophytes, e.g., colony forming of Synura or cell size and spikes of different Mallomonas species. One mechanism leading to larger cell volumes is polyploidy. However, chrysophytes and their chromosomes are too small to determine the chromosome number by light microscopy. This restriction has also been observed in other species (Alberts et al. 2002; McIntyre 2012) .
In general, a downsizing of genomes caused by nutrient limitations seems to be plausible in the case of chrysophytes because of the various nutritional modes observable. Although variations in nuclear-DNA content can arise via many other mechanisms as well, for instance by chromosome polymorphisms as well as polyploidy or duplications, there is still no generally accepted theory of what determines genome size (Cavalier-Smith 1982 Bennett and Leitch 2005) . Particularly, polyploidy, which is common in plants (Soltis and Soltis 1999) , could be another factor responsible for genome size variation and an important process in the genome evolution of chrysophytes (Conolly et al. 2008) . Whole genome sequencing of selected chrysophyte strains is planned; this will presumably give us a greater insight into genome size evolution in chrysophytes.
Our findings suggest that (i) the transition from phototrophy to mixotrophy, which occurred presumably early in chrysophyte evolution, is the force behind genome size reduction.
(ii) This may indicate that nutrient limitations on the ancestors of the mixotrophic (and heterotrophic) chrysophytes may have driven both genome size reduction as well as the evolution of phagotrophic mechanisms as a means of attaining additional nutrients in the presumably strongly nutrient-limited ancestors of these chrysophyte lineages.
(iii) Cell volume reduction is presumably a more gradual process which comes into play largely in taxa that were already able to obtain nutrients via phagotrophy as an adaptation to specific prey. Once the chrysophyte ancestors evolved the ability to take in food phagotrophically, optimizing food uptake via the optimization of the predator-prey size ratio presumably influenced cell size, e.g., by increasing the ability to prey upon ultramicrobacteria which consequently may have triggered the evolution of obligate heterotrophs in many chrysophyte lineages independently.
